The 3-20 mm IR thermal emission spectrum of comet Hale-Bopp (C/1995 O1) at a heliocentric distance of AU has been calculated using fluffy aggregates of silicate core-organic refractory mantle interstellar r ϭ 1.15 h dust as the comet dust model. The principal dust properties, similar to those obtained for other comets, provide good fits to the observation. Our results are significantly different from the general opinion that Hale-Bopp is rich in submicron grains. The mean grain masses derived here are 2-3 orders of magnitude higher than those estimated from the empirical superheat method or from the IR emission modeling, both of which use compact silicate/carbon particles. It has been shown that the IR emission alone cannot give a reliable dust production rate. We have also modeled the crystalline silicate emission spectrum.
INTRODUCTION
Comet Hale-Bopp (C/1995 O1) is exceptional in the sense that it is so bright that it was visible even at a heliocentric distance of ∼7 AU. However, as far as its global physical and chemical nature is concerned, comet Hale-Bopp is neither exceptional nor unusual. All of the gas molecules seen in HaleBopp, except SO (Wink et al. 1997) , have already been de-2 tected in other comets. Although the previous lack of detection of SO and SO led to the so-called "S puzzle" (Kim & A'Hearn   2  2 1991), their presence in comets is consistent with the idea of an interstellar ultraviolet irradiation origin (Greenberg 1982; A'Hearn & Feldman 1985) and is confirmed experimentally by Grim & Greenberg (1987) , based on photoprocessing of H S in ice mixtures. The dynamical behavior and nature of 2 Hale-Bopp, such as spiral jets, concentric halos, outbursts, and nuclear rotations, are also not unique, although its activity level is exceptionally high. It is to the infrared (IR) emission by comet dust grains heated by solar radiation that we direct our interest because it provides important clues on dust morphology, composition, and size. In this Letter, we focus our efforts on modeling the 3-20 mm IR emission of comet Hale-Bopp to constrain the nature of cometary dust. Our model prediction is compared only with the observations obtained on 1997 February 20 when HaleBopp was at a heliocentric distance AU (Williams et r ϭ 1.15 h al. 1997). As more spectroscopic observational data are released for public use, we shall reconsider the detailed modeling. An extensive, simultaneous investigation of the heliocentric variation of the Hale-Bopp IR emission and the scattered light, which can provide further constraints, is in progress and will be presented in a separate paper.
INFRARED EMISSION: MODELING METHODS AND RESULTS
To calculate the dust thermal emission, one requires a knowledge of dust composition, morphological structure, and size distribution. Following Greenberg & Hage (1990) , cometary grains are modeled as spherical aggregates of individual 0.1 mm interstellar particles. On average, an interstellar dust grain consists of (following volatile evaporation) a silicate core and a carbonaceous organic refractory mantle. We represent the organic refractory mantle by two equal-mass layers of carbonaceous materials: interstellar organic refractory and amorphous carbon. The latter can be thought of as resembling the final product of the most highly processed organic residues. The set of parameters, consisting of the porosity P (the fluffiness of the aggregate), the size distribution n(m), and the mass ratio of the carbonaceous mantle to the silicate core , m /m or si fully describes the nature of cometary dust modeled in this way. We adopt the complex indices of refraction of amorphous silicate and organic refractory from Li & Greenberg (1997) . The refractive indices of amorphous carbon are taken from Rouleau & Martin (1991) . The mass densities used here are 3.5, 2.3, and 1.8 g cm Ϫ3 for silicate, amorphous carbon, and organic refractory materials, respectively.
Once the parameters P, n(m), and are specified, the m /m or si optical properties of the fluffy aggregates can be calculated by using the Mie theory and the Maxwell-Garnett effective medium theory (Bohren & Huffman 1983) . We should note that the spherical shape is adopted here as a simplifying assumption, and the actual cometary grains must be irregularly shaped. The limitations of the Mie theory should be kept in mind when it is applied to irregular particles and to a strong resonance region in the refractive indices (see Hanner 1988) . Fortunately, in a fluffy aggregate of core-mantle particles as modeled here, the 10 mm silicate resonance is diluted to a considerably lower level than in bare compact particles. The dust temperatures are determined as a function of size based on the balance between the absorbed solar energy and the emitted energy. Finally, the emerging thermal emission spectrum is obtained by integrating over the full size distribution. The thermal emission spectrum of Hale-Bopp on 1997 February 20 is characterized by the strongest 10 mm silicate feature ever observed for a comet. Equally special is the highest ratio of the color temperature to the blackbody temperature (superheat) derived by Williams et al. (1997) . This has led to the suggestion that Hale-Bopp contains the smallest grains yet observed for any comet. One of the purposes of this Letter is to infer quantitatively how small they really have to be, in other words, how the emission constrains the distribution in the larger size range. We have applied four kinds of size distributions:
(1) the Halley size distribution measured in situ by the VEGA and Giotto spacecrafts (see Fig. 3a in Greenberg & Hage size distribution (Hanner 1985) porosity P is concerned, we initially choose . The P ϭ 0.975 reason is twofold: first, the porosity of Halley dust was derived to be (Greenberg & Hage 1990) ; second, in 0.93 ≤ P ≤ 0.975 order to extend the range to larger sizes of the Hale-Bopp dust particle distribution, a higher porosity is more favorable because, for a given grain temperature, a higher porosity can be accompanied by a larger size (Greenberg & Hage 1990) . The effects of varying P will also be briefly discussed. It is critically important to note here that for all chosen size distributions, we use a high porosity, in contradiction to the work of Williams et al. (1997) and Hanner (1985) , where only compact particles are considered. Also, it is to be noted that the basic average interstellar dust size (0.1 mm) is not a free parameter.
The resulting thermal emission spectrum using the Halley dust size distribution and , provides a P ϭ 0.975 m /m ϭ 1 or si very poor fit to the observation. The predicted silicate feature is too broad and too shallow, while the emission is too low at near-infrared (NIR; 3-7 mm) and too high at mid-infrared (MIR; 18.5 mm). The fit becomes even worse with a decreasing porosity P and/or a decreasing value because the particles m /m or si become colder, so that the MIR emission becomes higher while the NIR emission becomes lower, although, for a fixed porosity, the fit to the silicate feature is somewhat improved with a lower value. m /m or si
For a model with a single-component power-law distribution, the adjustable parameters are the power index a, the minimum mass (m Ϫ ), the maximum mass (m ϩ ), and the porosity P, . In our calculations, the minimum mass is set at m /m or si g, equivalent to an average individual 0.1 mm in-
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m ϭ 10 Ϫ terstellar grain. Grains smaller than this contribute very little to the NIR and MIR emission. Dust temperatures are calculated for grains up to a mass of 10 Ϫ1 g, although such large grains are already too cold and too few to provide a significant contribution to the emission curve in the wavelength range covered here. Effects caused by adopting larger m ϩ will be discussed later for both the single-and two-component power-law distributions.
Assuming g with a fixed porosity , we Ϫ1 m ϭ 10 P ϭ 0.975 ϩ found that, no matter how we vary the power index a, no satisfactory fit to the observation can be obtained. For a flat size distribution (small a), the predicted NIR emission is too low, the MIR emission is too high, and the 10 mm silicate feature is too broad; for a steep size distribution (large a), which provides a good fit to the MIR emission, the NIR emission is too high. Models with lower porosities also cannot work. Therefore, we shrink the maximum size from 10 Ϫ1 g to a smaller one (but as large as possible). Our calculations show that, as presented in Figure 1 barely give a reasonably good fit. As already mentioned, in order to check the robustness of the small size argument (Williams et al. 1997), we incorporate as many large grains in the model as possible, and in so doing we find that is P ϭ 0.975 indeed the best choice.
It seems that a single-component power-law size distribution can work only with a cutoff mass of 10 Ϫ7 g and no higher. This is unrealistic because it is known that even millimeter particles have been detected in the coma of Hale-Bopp (the largest particles measured by the Dust Impact Detection System in the coma of Halley are 10 Ϫ2 g). For a more realistic model, large grains should be incorporated into the calculations. A straightforward way to include large grains in the size distribution is to adopt a two-component power-law size distribution: a relatively flat size distribution in the small size range joined that the MIR emission for the two-component model is slightly higher. In the following, unless otherwise stated, all the discussions are based on model C.
We have also tried to fit the observation by using the Hanner size distribution, but in terms of fluffy not solid particles. For , , g, and g, it mass, it is much steeper than that for other comets (Hanner 1985) since very few large particles are included. For comparison, we finally present in Figure 2 the four kinds of dust size distributions. Evidently, the power-law distributions contain far more small particles than the other two distributions do, while the Halley size distribution contains far more large particles than all the others do. Most recently, the comet dust size distribution has been the subject of considerable discussion. Fulle (1998) Newburn & Spinrad 1985) . If m max is adopted as the maximum mass m ϩ in calculating the IR emission, we find that the fit to the whole spectrum is still maintained. But the dust production rate now is Q d (g s Ϫ1 ) ≈ , and the corresponding dust-to-water a ϭ 1.80 5.3 # 10 water ratio of ≈41! If the turnover point occurs at a larger mass, then the dust production rate would be even higher. This implies that the IR emission spectrum cannot uniquely determine the dust production rate, as already noted by Crifo (1987) . This is expected because the very large particles are too cold to contribute to the limited wavelength range of the infrared radiation considered here, and therefore the total mass of the large particles is not well constrained. Observations at longer wavelengths are needed to better constrain the dust-to-gas ratio. An alternative approach to obtaining the dust production rate is from the scattered continuum, by using the Afr parameter (see A'Hearn et al. 1984) . However, in converting Afr to Q d , a mean grain size and mass density are needed as input parameters. In addition to the large uncertainty introduced by the unknown grain size (Fulle 1998) , we believe that the dust production rate as calculated by Weaver et al. (1997) and by Rauer et al. (1997) may be overestimated because they have arbitrarily adopted a density of 1.0 g cm Ϫ3 or higher, which we believe is unrealistically high. It can be shown that an absolute maximum dust density for fully packed cometary material is only about 1.65 g cm Ϫ3 (Greenberg 1998) and that the mean density of comet dust (with all volatiles removed) coming from a nucleus with density ∼0.3 g cm Ϫ3 (Rickman 1986 ) is at most ∼0.1 g cm Ϫ3 (Greenberg & Hage 1990) . If Weaver et al. (1997) and Rauer et al. (1997) were to adopt such a lower density, their dust-to-water production rate ratio would be reduced by a factor of 10 or greater relative to their published values (see Table 1 in Rauer et al. 1997) . Note that the dust particles responsible for the scattered continuum are not necessarily the same as those for the thermal emission, so that such a comparison should be more carefully investigated before drawing strict conclusions.
From the temperature excess (defined as superheat by Gehrz & Ney 1992) and the silicate feature strength, Williams et al. (1997) estimated the mean Hale-Bopp dust size to be ≈0.4 mm (corresponding to g for amorphous carbon and
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6.2 # 10 g for silicate, respectively) in terms of solid, sep-Ϫ13 9.4 # 10 arated silicate/carbon grains. This result does not take into ac- count that the superheated thermal continuum and the strength of the silicate feature are not solely determined by grain sizes. The dust morphology, the optical properties of the dust components, and the way in which the different dust components are mixed (Hanner et al. 1996) are equally important. The assumption of solid, separate silicate/carbon grains is clearly inconsistent with the in situ mass spectra of Halley dust, which show that neither pure organic ("CHON") nor pure silicate particles exist but rather are intimately mixed on a very fine scale in such a manner that they form the subunits with a coremantle structure in the aggregates (Lawler & Brownlee 1992) .
The strong silicate emission feature of Hale-Bopp has been generally interpreted as indicating the presence of an unusually high abundance of small (!1 mm or, equivalently, !1.5 # g for solid silicate and ! g for solid carbon) Ϫ11 Ϫ12 10 9.6 # 10 grains (Hanner 1997) . However, the mean grain masses (sizes) of the best-fit one-component power-law model, the twocomponent power-law models, and the Hanner distribution model, all with very porous dust, are about g 4.24 # 10 be shown that the contribution to the IR spectrum, as considered here, from dust grains smaller than 10 Ϫ11 g (even 10 Ϫ10 g) is negligible! This is clearly at variance with the general opinion that Hale-Bopp is rich in submicron grains. The reason why the average dust size of our model is much larger than those of the compact dust models (Williams et al. 1997; Hanner 1997) is that the absorption coefficient per unit mass is much higher for fluffy aggregates than for solid particles, as explicitly demonstrated in Figure 6 in Greenberg & Hage (1990) .
The silicate dust component involved in our model has been assumed initially to be amorphous. The presence of a crystalline silicate component in comet Hale-Bopp was explicitly demonstrated by both space (Crovisier et al. 1997 ) and groundbased (Hayward & Hanner 1997) observations. The fact that the crystalline silicate emission features are quite strong, even when Hale-Bopp is at such large heliocentric distances as AU (Crovisier et al. 1997 ) and AU (Hayward r ϭ 2.9 r ϭ 4.2 h h & Hanner 1997), is of particular interest because it may invoke serious questions about the role played by solar insolation. At this point, we are not going to address where and how cometary silicates are crystallized. However, it seems likely to us that the crystallization did not occur before comet nucleus formation since, on the one hand, no evidence exists for the presence of crystalline silicates in the interstellar medium and, on the other hand, circumstellar dust is unlikely to be directly incorporated into comets without first passing through the interstellar medium.
We have carried out calculations in which crystalline silicates are included in the model. The adopted refractive indices of crystalline silicates are those of crystalline olivine measured by Koike & Suto (1996) . For the purpose of illustration, we present in Figure 3 two theoretical spectra predicted from the two-component power-law model (model C) by assuming that 25% and 50% of the silicates are crystallized, respectively. The results are promising: although the 10 mm silicate feature becomes somewhat sharper, the crystalline silicate features at 11.3, 16.3, 18.6, and 23 .0 mm are evident, and the general fit to the overall thermal emission spectrum is not distorted. Note that the spectrum presented in Crovisier et al. (1997) was for AU, so it is not surprising that their spectrum energy r ϭ 2.9 h distribution peaks at a longer wavelength than predicted by our model. Considerable work remains to be done in the future on the heliocentric evolution of comet dust properties and on the crystalline silicate mineralogy.
CONCLUSION
We have derived the 3-20 mm thermal emission spectrum of comet Hale-Bopp (C/1995 O1) at a heliocentric distance of AU in terms of the model of comet dust consisting r ϭ 1.15 h of porous aggregates of interstellar dust. Both the continuum emission and the 10 mm silicate feature are well matched by using three kinds of dust size distributions, so long as the dust is highly porous. Our results do not confirm the general opinion that Hale-Bopp is rich in submicron grains. The mean grain sizes we derive are 2 or 3 orders of magnitude (in mass) larger than estimated from the superheat or from the IR emission in terms of the compact silicate and carbon model. We have shown that the IR emission alone cannot give a reliable dust production rate. A brief discussion on the inclusion of crystalline silicates in our model is presented. Our calculations imply that the partially crystallized silicate model with the same dust parameters derived for the amorphous silicate model gives rise to prominent crystalline silicate features, while the fit to the overall thermal emission spectrum is still maintained.
